In this work, development of a fiber-optically coupled, vacuum-compatible, flat plate radiometric source applicable to the characterization and calibration of remote sensing optical sensors in situ in a thermal vacuum chamber is described. The original flat plate radiometric source configuration's performance was presented at the 2009 Berlin SPIE 1 . Following the original effort, design upgrades were incorporated in order to improve radiometric throughput and uniformity. Results of thermal and radiometric performance, with incorporated upgrades, of a flat plate illumination source in a temperature-controlled vacuum chamber operating at liquid nitrogen temperature are presented. Applications, including use with monochromatic tunable laser sources for the end-to-end system-level testing of large aperture sensors, are briefly discussed.
INTRODUCTION
The Flat Plate Illuminator (FPI) program was developed as a vacuum-compatible radiometric source that could be used at the sensor and the spacecraft level as a quality control check on the radiometric stability of the National Polar orbiting Operational Environmental Satellite System (NPOESS) Visible Infrared Imager Radiometer Suite (VIIRS) sensor. 1 The FPI was used at the NPOESS Preparatory Project (NPP) spacecraft level for radiometric performance trending of the NPP VIIRS Flight 1 sensor for baseline acceptance testing and spacecraft thermal vacuum testing. 2 The FPI is now being utilized on the Joint Polar Satellite System (JPSS), which is the next-generation LEO suite of operational environmental satellites; JPSS satellites will circle the Earth approximately once every 100 min., providing global information about the atmosphere, oceans, land and near-space environment. 1, 2 In this work, we describe the improvements that were extended from the NPP FPI 1 to the next-generation JPSS FPI.
radiometric stability and repeatability of the NPP FPI. In this work, we present the results of radiometric testing of the improved FPI for JPSS, both in lab-ambient and in a thermal vacuum chamber with a liquid nitrogen flooded shroud and an environmental temperature of -180°C.
IMPROVEMENTS TO THE FPI FOR JPSS
A concept was drafted in 2010/11, to test the implementation and efficacy of the approved JPSS FPI improvements. At least two approaches were investigated to achieve increased uniformity and throughput. The first approach comprised implementation of a pseudo-Kohler configuration to improve uniformity. The second approach employed a discrete singlet lens at each of the flat plate fiber exit faces, essentially an array of lenslets at the exit face of the flat plate to better match the VIIRS entrance pupil and acceptance angle, improving throughput by minimizing coupling losses.
A pseudo-Koehler illumination 3 lens was investigated, but was discarded, due to the prohibitive cost to have one covering the entire desired waveband manufactured. Instead, a third approach employing a glass homogenizer placed at one of the fiber bundle-to-fiber bundle junctions was investigated. The homogenizer was incorporated to increase the level of mixing, thereby, theoretically increasing the JPSS FPI output uniformity. Initially, a rectangular homogenizer was tested with the FPI, but marginal improvement in uniformity prompted the team to attempt another geometry. A cylindrical homogenizer was desired to be tested, but one was not available to test. The homogenizer's dimensions have not been optimized to maximize the FPI's uniformity performance; the JPSS FPI team simply used what was readily available: a hexagonal-cross section, approximately 6-mm across, and approximately 50-mm in length. Optimization of the homogenizer geometry (i.e. cross-sectional shape, diameter, length) is recommended to further improve the FPI's uniformity.
The NPP FPI hardware utilized a ground-glass diffuser approximately 10 (axial) inches from the exit faces of the flat plate fibers. No intervening powered optics were employed to provide a better match of the NAacceptance cone -of VIIRS to the FPI Fiber NA. The NA of the fibers is 0.2 ~12° half-field. The NA of VIIRS is ~1° half-field. Therefore, ~(1/12)^2, or 1/144, of the energy is lost due to this NA mismatch. Moreover, the NPP FPI diffuser introduced further coupling losses because it effectively increases the NA of the FPI fibers to nearly the full hemisphere.
Inserting a spherical BK7 singlet, one focal length away from the exit faces of the flat plate fibers, as shown in Figure 1 , decreases the divergence exiting the fibers, thereby, significantly increasing the flux accepted by the VIIRS entrance pupil. These singlets geometrically collimate the energy leaving the exit fibers. Analysis showed that uniformity, when both Approach 2 and Approach 3 are implemented, can be improved by a factor of about 2X, but the overall integrated energy (throughput) across the VIIRS VISNIR focal plane increases by at least an order of magnitude.
Since the ground-glass diffuser essentially spreads the FPI energy into the hemisphere, it was highly lossy on NPP. An engineered diffuser was considered to reduce the coupling losses with the VIIRS entrance pupil, while increasing the uniformity. The idea was to have an engineered diffuser that would take the pseudocollimated energy leaving the discrete lenses and produce a uniform, top-hat-shaped radiance profile. An engineered diffuser, manufactured by RPC Photonics 4 , was installed adjacent to the discrete lenslet array ( Figure 1 ). It was designed to produce a top-hat radiance profile over a ±2.5° field, optimized near the center of the visible waveband. The ground-glass diffuser at the end of the NPP FPI snout was, ultimately, no longer needed since the engineered diffuser produced acceptable uniformity, while greatly increasing the radiant throughput.
To address the stability and repeatability of the FPI's radiometric performance, straightforward mechanical attributes (e.g. keying) were incorporated into the mounting and fixturing hardware, such that when the JPSS FPI is disassembled and reassembled, it is reassembled the same way each time.
GENERAL JPSS FPI CONFIGURATION
The JPSS FPI, in general, consists of 5 independent, separable components: sources with supporting electronics, optical fiber bundles, the flat plate illuminator itself, monitor detectors, and the computer control with control and readout software. The JPSS FPI is equipped with three 300 W compact Xe arc lamps 5 and one supercontinuum 6 laser-based source from NKT Photonics. The numerical aperture (NA) of the Xe sources is approximately 0.5. A 6-mm diameter quartz rod is typically used to transfer the radiant flux from the lamp to a 6-mm diameter rod was replaced with a 3-mm diameter quartz rod. A computer
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The sources are housed in a single rack-mount shipping container. A second rack-mount container holds heater power supplies, data acquisition and control hardware, and communications interfaces. Both racks are shown in Figure 2 . There are 2 Cryo-Con temperature controllers (CC1 and CC2) and 2 Hewlett Packard (HP) 50-W DC heater power supplies (PS1 and PS2). Each power supply, by itself, is capable of maintaining the FPI temperature at +35°C in a liquid nitrogen shroud environment. An Agilent 34970A data acquisition system is used to log the data from the filter radiometers and thermistors. All control and data logging communication is via Ethernet, providing flexibility in equipment and control computer locations. Two 3-mm diameter, bifurcated fused-end fiber bundles 7 are used to couple light from the sources into the FPI. A total of six sets of fiber bundles are used: two 10-meter-length bundles are used for in-air characterization and operation; two 30-meter-length bundles, with in-line vacuum feed-throughs, in conjunction with two 4-meter-length bundles, are used for vacuum operation. The fiber bundles were designed to have an NA of 0.22. Each fiber bundle (one path illuminated by two Xe arc lamps, the other illuminated by the third Xe source and the supercontinuum source) illuminates one half of the flat plate.
Three Gershun-tube filter radiometers (FRs) monitor the spectral radiance of an FPI quadrant; one quadrant is not monitored. See Figure 3 . The filter radiometers have silicon detectors; one is unfiltered, one has a 10 nm Full Width Half Maximum (FWHM) bandpass filter centered at 410 nm, and one has a 10 nm FWHM I bandpass filter centered at 860 nm. The filter radiometers are located above and to the top and bottom of the flat plate; they view the radiance emitted from the flat plate at an angle of approximately 45°. The FPI radiating surface is 25 cm by 35 cm. Its overall length is 66 cm, overall width is 41 cm, and its height, not including the standoffs, is 14 cm. The filter radiometers are the bnc-terminated, black cylindrical tubes shown in the bottom of the figure. Eight thermistors located at different positions on the FPI provide a temperature profile of the instrument. The thermistor locations are unchanged from the NPP FPI configuration, except for the two thermistors originally on the NPP FPI ground-glass diffuser. Those two thermistors were moved onto the JPSS FPI engineered diffuser.
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As discussed in the Introduction, Section 1, three performance parameters were identified as shortcomings with the NPP FPI. The upgrades incorporated into the JPSS FPI configuration were intended to address these shortcomings:
1. Excessive non-uniformity, both spatial and angular. 2. Low throughput. 3. Inadequate radiometric stability and repeatability measurement-to-measurement.
To address the non-uniformity, we employed a glass homogenizer with a hexagonal cross-section, approximately 6 mm along its widest dimension and approximately 50 mm in length. In addition to the homogenizer, an engineered diffuser, producing a top-hat radiance profile, was also introduced (and also contributed to improved throughput).
The angular and spatial uniformity was measured in ambient laboratory conditions and shown in Figures 4-6. The angular non-uniformity shown in Figures 4 and 5 exhibits better than ±5% within ±3°. The requirement for the JPSS FPI is <±10% within ±2°, which means the JPSS FPI meets the requirement in ambient conditions. The angular uniformity performance in band M11 is marginal, but M11 is not required, it is only a goal to maximize uniformity. The spatial uniformity is shown in Figure 6 , below. It was measured with an on-axis f/4 telescope with a three inch aperture and focused at infinity. The top plot is the grayscale picture taken by the telescope's camera. The bottom plot is an intensity-contour map. The non-uniformity requirement on the JPSS FPI is <±10% in the central portion of the radiative surface.
JPSS FPI RADIOMETRIC PERFORMANCE IN AMBIENT ENVIRONMENT
The measured spatial non-uniformity is better than ±6% in the central six inches of the radiative surface. Hot spots are still noticeable in Figure 6 . Most likely, the hot spots are due to the engineered diffuser not having a top-hat profile across the entire visible waveband of the telescope's camera. Note that in Figure 6 , the blue-colored areas (bottom plot) represent the peak signal; whereas, the orange-colored areas represent the lowest signal. The second the FPI. Thi also elimina
The lenslet an aluminum fiber from t nominally c hat radiant which overf investigatio Table 1 shows that the JPSS FPI radiance (sixth column) far exceeds the requirements for each of the VIIRS bands (fifth column). In virtually all of the bands, except for M1 and M11, the JPSS FPI's throughput was increased close to an order of magnitude. The radiance in M1 and M11 definitely suffer appreciable losses due to absorption in those wavelengths from the BK7 lenses and the BK7 engineered diffuser; recall that the engineered diffuser was optimized near the center of the visible waveband. Note that the JPSS FPI radiance for M11 is not a requirement; the goal is to maximize throughput. The third and final performance parameter that was addressed in the JPSS FPI was the radiometric stability and repeatability from measurement to measurement as well as from assembly to disassembly to reassembly. Improved mechanical fixturing and mounting techniques were retrofitted to all accessible optical interfaces to facilitate repeatable connection orientations. For instance, each of the fiber bundles were scribed with a unique name and positional notch, and their respective receiving mount was scribed with that unique name and a positional notch, so that the fiber bundles are inserted the same way, and in the same rotational position, every time. Additionally, fasteners are used to hold each of the bundles' ferrules in-place, not allowing them to rotate in their mounts after inserted.
Due to the strained availability of various personnel, the team's time was limited and we were only able to assemble/disassemble/reassemble/measure a total of three times before the unit needed to be packaged and shipped to GSFC for TVac preparations. The radiometric performance from build-to-build did not vary more than 5% overall, which has been deemed acceptable.
JPSS FPI RADIOMETRIC PERFORMANCE IN THERMAL VACUUM TESTING
(JPSS FPI is currently in TVac testing at GSFC. The TVac performance results will be provided in August, provided testing has completed in time.)
SUMMARY AND CONCLUSIONS
In this work, we describe the results of upgrading a new class of vacuum-compatible, externally illuminated, fiber-optically coupled, flat plate illuminator for the radiometric characterization and calibration of large aperture sensors. Upgrades were incorporated into the NPP fiber-terminated flat plate 1 , resulting in the current JPSS FPI configuration.
The JPSS FPI represented in this work has an active area of 25 cm by 35 cm and a total depth under 20 cm. The overall footprint is less than 1 m 2 . This type of source can be placed and operated in confined spaces, for example in a vacuum chamber, over a wide range of environmental temperatures. Other potential applications include providing a calibration of aircraft sensors in situ in the aircraft instrument bay just prior to and following a flight; configurations for in-flight calibration of aircraft sensors can also be envisioned. There is no limitation on the size of these sources or on the number of optical fibers terminated in the source plane. Consequently, applications related to the near-field characterization of larger aperture sensors, e.g. astronomical telescopes with meter-size primary mirrors, may also be possible.
